The transport of beam-generated fast ions has been investigated experimentally at the ASDEX Upgrade tokamak in the presence of sawtooth crashes. After sawtooth crashes, phase space resolved fast-ion D-alpha (FIDA) measurements show a significant reduction of the central fast-ion densitymore than 50% -together with an increase at larger radii. The corresponding loss of fast particles, detected by a fast-ion loss detector (FILD) outside the plasma, is marginal during the crash phase, which proves that the sawteeth internally redistribute fast ions. This is also well reproduced by modelling results in which the fast-ion redistribution is assumed to be in line with the sawtoothinduced change of the magnetic field topology. The simulation, however, underestimates the total amount of redistributed fast ions which can be explained by additional drift effects. In the time intervals between the crashes, a neo-classical fast-ion behavior is observed. Radial profiles and measured decay rates of the redistributed fast ions show that any anomalous fast-ion diffusion in between sawtooth crashes is well below 0.5 m 2 /s. Introduction-Good confinement of fast-ions, whether generated by fusion processes or neutral beam injection (NBI), is essential in fusion devices because these suprathermal particles are responsible for plasma heating, current drive and can be critical for machine safety [1] . Mechanisms that cause radial transport of fast-particles must consequently be investigated, understood and, if possible, avoided. While weak, neoclassical fast-ion diffusion is expected in the absence of perturbations, turbulent transport [2] as well as magneto-hydrodynamic (MHD) modes could significantly redistribute fast ions [3] . One prominent MHD mode is the sawtooth instability [4] that appears periodically in the plasma center due to the magnetic reconnection of a mode at the q=1 surface (q is the safety factor). This mode radially redistributes heat, particles and momentum during a fast crash (∼ 10 −4 s) which is followed by a slower recovery phase. A basic, but successful approach to describe sawtooth crashes is the Kadomtsev model [5] which assumes full reconnection and a strong transport due to the evolving field lines up to the so-called mixing radius. It does, however, not take the electric fields that appear during the reconnection process into account. The latter are supposed to affect the fast-ions via ExB drifts if the fast-ion energy is above a given critical value [6] . An effect of sawtooth crashes on fast-ions was already observed more than 20 years ago at PLT, DIII-D, TFTR [7] and JET [8] via measurements of reduced neutron rates and in D-T experiments via modified fast alpha particle radiation profiles [9] [10] [11] [12] [13] . In addition, more recent measurements at TEXTOR [14] and DIII-D [15] revealed a stronger redistribution of the passing fast ions than the trapped ones as predicted by [6] . However, the fast-ion redistribution due to sawtooth crashes is still not com-
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This letter presents the first detailed and time-resolved measurements of fast ions in the presence of sawtooth activity that have been carried out at the medium size tokamak ASDEX Upgrade (minor and major radii of 0.5 m and 1.65 m, respectively). In particular, a newly developed and installed fast-ion D-alpha (FIDA) diagnostic [16] enables us to investigate the evolution of the confined fast ions in the plasma with 2 ms exposure time and 3 cm spatial resolution. The FIDA diagnostic analyzes strongly Doppler shifted Balmer alpha radiation (λ 0 = 656.1 nm) from fast deuterium ions that are neutralized by charge exchange reactions along an NBI path. It uses multiple radially distributed lines of sight (LOS) with two different viewing geometries (poloidal and toroidal) to access distinct regions in the velocity space. In addition, a fast-ion loss detector (FILD [17] ) allows us to monitor the fast ions that leave the plasma with a 1 MHz bandwidth. The FILD measurements show that only very weak fast-ion losses appear during the crashes while the FIDA diagnostic clearly measures a significant internal redistribution that is even stronger than that predicted by the Kadomtsev model. Moreover, the measured radial profiles and slowing down times of the fast ions after sawtooth crashes evidence neoclassical confinement and hence show that turbulent transport effects are negligible under the investigated conditions. Experiment-Characteristic time traces of a representative discharge with a current of 1 MA and a magnetic field of −2.3 T are displayed in figure 1 . The sawtooth crashes are clearly visible as sharp drops in the electron and ion temperatures and toroidal rotation, measured in . From top to bottom, the ECRH and NBI heating power, the electron temperature, the ion temperature, the toroidal plasma rotation, the line averaged electron density and the neutron rates are shown.
the plasma center, i.e. at the normalized toroidal flux ρ t = 0.1. The simultaneous increase of the temperature and rotation at ρ t = 0.6 is evidence of the radial redistribution of heat and momentum due to the crash. The electron density, in contrast, shows only small variations due to its flat profile shape. In the bottom panel of figure  1 , the measured neutron rate, which mainly arises from D-D reactions between fast and thermal ions, is plotted. It shows only a weak decay after the sawtooth crashes.
The fast ions present in discharge #28746 are generated by the application of 2.5 MW of NBI heating power from a 60 keV source labeled Q3. The geometry of this NBI source is sketched in figure 2 in orange. The source is tilted into the co-current direction and generates a fastion population peaked in the plasma center, as plotted in shades of gray in figure 2 (predicted by the TRANSP code [18] ). A theoretical velocity space distribution due to Q3 is depicted in figure 3a as a function of energy and pitch, with pitch = v || /v where v || is the fast-ion velocity anti-parallel to the magnetic field. As can be seen in figure 3a , the fast ions from Q3 are injected with a maximum energy of 60 keV and a pitch of ∼ 0.6 and then diffuse in the velocity space. The gyro radii of these ions are on the order of ∼ 1 cm and, hence, are very comparable to the normalized fast-ion gyro radii in future fusion devices such as ITER [19] .
For the detailed study presented here, 7 toroidal and 7 poloidal LOS, which collect the FIDA radiation along the path of Q3 as shown in figure 2, were connected simultaneously to the FIDA spectrometer. Example spectra measured during 8 ms long time intervals before (black) and after (red) a sawtooth crash at t = 4.316 s are shown in figure 4 for two toroidal and two poloidal LOS at dif- ferent radial positions. The spectra can be subdivided from left to right into three distinct parts, as illustrated by the dashed vertical lines in figure 4: Up to 659 nm, the un-shifted D-alpha radiation from the plasma edge (656.1 nm) and the intense beam and halo radiation are visible [20] . The red-shifted part of the FIDA radiation can be measured in the spectra above 659 nm and reaches, theoretically, to 661.4 nm for fast-ion velocity vectors with 60 keV parallel to the LOS. Lastly, at larger wavelengths, the background radiation is visible, consisting of the Bremsstrahlung and weak impurity line emissions. The sawtooth crash causes a significant reduction of the FIDA signal in the plasma center and an increase outside the sawtooth inversion radius (here at R ∼ 1.85 m). It is clear that this change of the FIDA radiation is not due to a change of the neutral density along the NBI path, which is responsible for the charge exchange reactions. The neutrals present along the NBI path also emit the beam and halo radiation, which are contained in the spectra as well and are not significantly modified by the crash. Therefore, the measured change of the FIDA signal shows a sawtooth-induced fast-ion redistribution.
The temporal evolution of the FIDA light during the sawtooth crashes is plotted in figure 5 by radial FIDA intensity profiles from the toroidal and poloidal LOS. The profiles are calculated by integrating the spectra between 660 nm and 661 nm and by subtracting a constant offset which accounts for the background radiation [20] . The parts of the fast-ion velocity space that are observed in the wavelength interval between 660 nm and 661 nm are depicted in figure 3 via the diagnostic weight functions of the toroidal and poloidal LOS. The weight functions describe the probability of fast ions to be neutralized by charge exchange reactions and then to emit D-alpha radiation with certain Doppler shifts towards the FIDA diagnostic. Their overlap with the fast-ion velocity space distribution is largest for passing fast ions with pitch values close to one for the toroidal LOS and pitch values close to 0.6 for the poloidal LOS. The toroidal profiles in figure 5 , hence, correspond to fast ions that move along the magnetic field lines with energies above 30 keV while the poloidal profiles represent fast ions above 30 keV with similar or larger gyro radii. The temporal evolution of the FIDA signal from the toroidal and poloidal LOS consequently shows that sawteeth substantially change the fast-ion density in both parts of the observed velocity space. After each sawtooth crash, the central FIDA radiation is reduced by about 50% while it is increased at larger radii.
TRANSP/Kadomtsev -To analyze this measured change quantitatively, forward modeling of the FIDA radiation by the Monte Carlo code FIDASIM [21] , which uses theoretical fast-ion distribution functions from the TRANSP code, is applied. TRANSP predicts 4D distribution functions of fast ions and uses the Kadomtsev model for the sawtooth-driven fast-ion redistribution. It assumes complete reconnection of the magnetic field line topology inside the q = 1 surface during sawteeth and determines the corresponding fast-ion redistribution along the evolving flux surfaces under the assumption of particle conservation. Before sawtooth crashes, the TRANSP-predicted slowing down distribution is peaked in the plasma center, as plotted in shades of gray in figure 2 for discharge #28746 at t = 4.316 s. After the sawtooth crash, the simulated central fast-ion density is reduced by about 50% and has a flat profile shape up to the predicted mixing radius at about 2.0 m.
In figures 6a and 6b, these theoretical predictions before and after the sawtooth crash at t = 4.316 s are compared with the FIDA measurements from the toroidal and poloidal LOS, respectively. The experimental data, whose measurement uncertainty is given by error-bars, is shown for two 8 ms long time intervals before and after the crash. The solid lines in figure 6 correspond to the theoretical fast-ion distribution functions from TRANSP that have been transformed into radial FIDA profiles by FIDASIM. The simulations before (black) and after (red) the sawtooth crash show good agreement with the measurement in both observation geometries, which confirms the predicted redistribution of more than 50% of the central fast-ion population. The measured and predicted increase of the FIDA radiation outside the sawtooth inversion radius is smaller than the decrease in the center due to volumetric effects in real space. The ions are thrown from small volumes into larger volumes, and thus their density becomes lower.
It should be noted that the simulation yields an upper limit for the fast-ion redistribution caused by the sawtooth induced change of flux surfaces because full reconnection during sawteeth, as assumed by the Kadomtsev model, is typically not the case in our experiment. The standard sawtooth behavior in ASDEX Upgrade is only with partial reconnection [22] and the real changes of the field line topology are less than predicted. The Kadomtsev model, therefore, permits us to state that an additional transport mechanism influences the fast ions in our experiment because the simulation shows a smaller redistribution in the fast-ion density than is actually measured. The ExB drift effects, as suggested by [6] , can be responsible for this additional fast-ion transport. This effect is supposed to occur in ASDEX Upgrade above a critical fast-ion energy of 50 keV. In addition, a sawtooth induced fast-ion redistribution towards more passing orbits could explain the stronger relative change of the FIDA intensity measured by the toroidal LOS outside the sawtooth inversion radius as compared with the poloidal ones. If fast ions are redistributed to more passing orbits, they would reach the part of the velocity space at which the toroidal LOS have their highest measurement probability (see figure 3a) . This would also be consistent with the poloidal measurements, which are insensitive to purely passing fast-ions.
Internal fast-ion redistribution -Despite the additional transport effects, the redistributed fast ions remain well confined. The weak changes of the neutron rates in figure 1 already show that sawteeth do not substantially eject fast ions out of the plasma. Otherwise, the neutron rates would drop more significantly. To support this, discharges similar to #28746 were conducted in which the FILD was operational and in which the FIDA spectrometer was equipped with 15 toroidal LOS to obtain a complete and detailed radial coverage of the plasma. Figure 7a shows approximate fast-ion density profiles inferred from the FIDA measurement for eight time points before and after a sawtooth crash at 1.64 s in discharge #29559. The approximate fast-ion densities, n fi approx, correspond to the velocity space covered by the toroidal LOS and account for the probability of fast ions to undergo charge-exchange reactions with neutrals and then to emit Balmer alpha radiation. Hereby, the density of neutrals present along the NBI path has been simulated by FIDASIM for each time point and the relative collision energy between fast ions and neutrals has been determined based on the shape of a TRANSP predicted fast-ion velocity distribution. The error-bars plotted in figure 7a represent the uncertainties from the FIDA measurement. Clearly, the sawtooth-induced changes of the approximate fast-ion densities are outside these measurement uncertainties and indicate an internal fast-ion redistribution that is well described by the inversion and mixing radii derived from the electron temperature measurement. This is supported by the FILD detector, which evidences that the crash does not eject a considerable number of fast-ions. In the raw-data from the FILD, shown in figure 7c , only a small and narrow peak can be observed during the sawtooth crash at 1.64 s. The detector, however, is sensitive enough to detect even weak fast-ions losses, as shown by the spectrogram of the FILD data in figure 7b . Before the crash, the detector clearly measures fast-ion losses due to a sawtooth precursor mode at 10 kHz. These losses do not significantly alter the central fast-ion density, additionally plotted in blue. Fast-ion transport between sawteeth -The FILD measurement presented in figure 7c also indicates that the fast ions are well confined in the MHD quiescent phase between the sawteeth. The low level of fast-ion losses after the crash could not be explained if the redistributed fast-ions were to quickly diffuse outwards and not remain on their new orbits, e.g. due to micro turbulence [23] . This can be verified thanks to the high temporal resolution of the FIDA diagnostic. Figure 8a shows the evolution of the approximate fast-ion density in the velocity space observed by two toroidal LOS in discharge #28746 in the presence of sawteeth. The channel outside of the sawtooth inversion radius exhibits a steep increase when the crashes appear, followed by a slow decay. This decay has been fitted by an exponential function (red) which yields decay times between 50 ms and 60 ms. These decay times are very well reproduced by a neo-classical simulation of the total fast-ion density from TRANSP, plotted in figure 8b for two radial positions. The simulation outside the sawtooth inversion radius, plotted in black, exhibits decay times similar to the measurement. In contrast, when a strong, radially constant anomalous fast-ion diffusion of 0.5 m 2 /s is used in the simulation, as done for the data plotted in blue, significantly shorter decay times are obtained that are even close to those of the electron temperature which are about 5 ms in this discharge. In addition, the radial profiles, shown in figure 6, prove the absence of a strong anomalous fast-ion transport. The simulated profiles from the toroidal and poloidal LOS, plotted in black, represent the neo-classical slowing down distribution and agree well with the measurement before the sawtooth crash. When, instead, an anomalous fast-ion transport of 0.5 m 2 /s is applied in the simulation, the modeled profiles have significantly lower values and a flat profile shape. This proves that in the absence of strong MHD activity, the fast ions are well confined under the investigated conditions. Summary and conclusion -The detailed measurement of the confined fast ions using FIDA spectroscopy evidence a very strong but internal fast-ion redistribution during sawtooth crashes in two different parts of the velocity space. The absence of strong fast-ion losses and weak changes in the measured neutron rates agree well with this observation. The experimental data is in good agreement with theoretical predictions based on TRANSP and the Kadomtsev model but evidences a stronger fast-ion redistribution than predicted. This shows that an additional transport mechanisms, such as ExB drifts, affect the fast ions during sawteeth. Between sawtooth crashes, a classical fast-ion confinement is observed. The temporal evolution, as well as radial profiles of fast-ions agree with neo-classical TRANSP predictions. By extrapolating our results to ITER, the sawtooth induced redistribution of the fast ions with normalized gyro radii similar to the ones at ASDEX Upgrade, will be tolerable with respect to machine safety. The change of the current drive and heating profiles induced by the internal fast-ion redistribution should, however, be taken into consideration.
